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10 

SYSTEM AND METHOD FOR SCHEDULING In any of the previous embodiments , the method can 
JOBS IN DISTRIBUTED DATACENTERS include : for each data processing task identified in the set of 

task identifiers : determining input data transfer times to 
FIELD transfer input data for the data processing task to each of the 

5 plurality of data processing locations having available pro 
This disclosure relates to the field of distributed datacen cessing resources ; and for each of the plurality of data 

ters , and more particularly , to systems , devices , methods and processing locations having available processing resources , 
computer - readable media for scheduling jobs in distributed determining a completion time for the data processing task 
datacenters . based on the corresponding input data transfer time . 

In any of the previous embodiments , determining the 
BACKGROUND input data transfer times for a single data processing task 

identified in the set of task identifiers can include : identify In computing environments such as cloud computing or ing a size and location of each input data for the single data other distributed computing platforms , data and computa 
tional resources may be located at different networked or 15 pro 15 processing task ; determining a communication bandwidth 
geo - distributed locations . between each input data location and each of the data 
As the amount of data and the number of jobs scale , it can processing locations ; and for each of the data processing 

be a challenge to effectively distribute jobs across datacen locations : determining the transfer time for each of the input 
ters . data to the data processing location based on the size of the 

20 input data and the communication input data location and 
SUMMARY the data processing location ; and selecting , from the transfer 

times for each of the input data to the data processing 
In some situations , some embodiments of the present location , a largest transfer time as the input data transfer time 

disclosure may consider tasks across multiple jobs when for the single data processing task at the data processing 
scheduling jobs for execution in a distributed computing 25 location . 
environment . In any of the previous embodiments , the method can 

In accordance with one aspect of the present disclosure , include : for each of the data processing tasks identified in the 
there is provided method for scheduling jobs in a distributed set of task identifiers , determining an execution time for the 
computing environment . The method includes : obtaining a data processing task ; and for each of the plurality of data 
set of task identifiers , each task identifier identifying a 30 processing locations having available processing resources , 
corresponding data processing task included in one of a determining the completion time for the data processing task 
plurality of jobs to be scheduled for execution at one of a at the data processing location based on the corresponding 
plurality of data processing locations ; from the jobs having input data transfer time and the corresponding execution 
unscheduled data processing tasks , selecting a job having a time . 
longest job completion time based on a shortest task comple - 35 In any of the previous embodiments , identifying the 
tion time for the data processing tasks included in the execution time for the data processing task can include : 
selected job ; selecting , from unscheduled data processing identifying a type of the data processing task ; based on a 
tasks for the selected job , a data processing task having a database of execution data for types of data processing tasks , 
longest task completion time based on shortest task comple - determining the execution time for the data processing task 
tion times for the unscheduled data processing tasks for the 40 based on the identified type , and a size of the input data for 
selected job ; and scheduling the selected data processing the data processing task . 
task for execution at the data processing location of the In any of the previous embodiments , the method can 
plurality of data processing locations corresponding to the include : populating one or more data structures representing 
selected data processing task ' s shortest completion time and completion time objectives and constraints based on the 
having available processing resources . 45 completion times for each of the data processing tasks , data 

In some embodiments , the method includes : adjusting the processing location assignments parameters , and the avail 
completion times of all other unscheduled data processing able resources ; wherein selecting the job having the longest 
tasks included in the selected job to have a completion time optimal completion time includes solving a linear program 
equal to the maximum of : the optimal completion time of the ming problem defined by the matrices . 
selected data processing task , and the completion time of the 50 In any of the previous embodiments , obtaining the set of 
respective unscheduled data processing task . task identifiers can include : receiving job execution requests 

In any of the previous embodiments , the method can until a scheduling trigger is detected ; and upon detection of 
include : until each data processing task identified in the set the scheduling trigger , identifying the set of data processing 
of task identifiers has been scheduled , repeating : updating tasks to be scheduled from the job execution requests . 
the available processing resources to identify the resources 55 In any of the previous embodiments , the scheduling 
to be consumed by the previously scheduled data processing trigger can be detected when a defined time period has 
task as unavailable ; selecting the job of the set of jobs having elapsed , or when a number of received jobs execution 
unscheduled tasks and having the longest job completion requests meets a defined threshold . 
time based on the shortest task completion time for the data In any of the previous embodiments , the data processing 
processing tasks included in the selected job ; selecting , from 60 tasks identified in the set of task identifiers can be executed 
the unscheduled tasks for the selected job , the data process - in parallel . 
ing task having the longest task completion time based on In any of the previous embodiments , selecting the job 
shortest task completion times for the unscheduled data having the longest job completion time can be based on the 
processing tasks for the selected job ; and scheduling the shortest task completion times at data processing locations 
selected data processing task at the data processing location 65 having available resources ; and selecting the data processing 
corresponding to the selected data processing task ' s shortest task having the longest task completion time can be based on 
completion time . the shortest task completion times for the unscheduled data 
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processing tasks for the selected job at data processing location , a largest transfer time as the input data transfer time 
locations having available resources . for the single data processing task at the data processing 

In accordance with another aspect of the present disclo - location . 
sure there is provided a system comprising : at least one In any of the previous embodiments , the at least one 
processor for scheduling jobs in a distributed computing 5 processor can be configured for : for each of the data pro 
environment . The at least one processor is configured for : cessing tasks identified in the set of task identifiers , deter 
obtaining a set of task identifiers , each task identifier iden - mining an execution time for the data processing task ; and 
tifying a corresponding data processing task included in one for each of the plurality of data processing locations having 
of a plurality of jobs to be scheduled for execution at one of available processing resources , determining the completion 
a plurality of data processing locations ; from the jobs having 10 time for the data processing task at the data processing 
unscheduled data processing tasks , selecting a job having a location based on a corresponding input data transfer time 
longest job completion time based on a shortest task comple - and the corresponding execution time . 
tion time for the data processing tasks included in the In any of the previous embodiments , determining the 
selected job ; selecting , from unscheduled data processing input data transfer times for a single data processing task 
tasks for the selected job , a data processing task having a 15 identified in the set of task identifiers can include : identify 
longest task completion time based on shortest task comple - ing a size and location of each input data for the single data 
tion times for the unscheduled data processing tasks for the processing task ; determining a communication bandwidth 
selected job ; and scheduling the selected data processing between each input data location and each of the data 
task for execution at the data processing location of the processing locations ; and for each of the data processing 
plurality of data processing locations corresponding to the 20 locations : determining the transfer time for each of the input 
selected data processing task ' s shortest completion time and data to the data processing location based on the size of the 
having available processing resources . input data and the communication input data location and 

In some embodiments , the at least one processor is the data processing location ; and selecting , from the transfer 
configured for : adjusting the completion times of all other times for each of the input data to the data processing 
unscheduled data processing tasks included in the selected 25 location , a largest transfer time as the input data transfer time 
job to have a completion time equal to the maximum of : the for the single data processing task at the data processing 
optimal completion time of the selected data processing location . 
task , and the completion time of the respective unscheduled In any of the previous embodiments , the at least one 
data processing task . processor can be configured for : for each of the data pro 

In any of the previous embodiments , the at least one 30 cessing tasks identified in the set of task identifiers , deter 
processor is configured for : until each data processing task mining an execution time for the data processing task ; and 
identified in the set of task identifiers has been scheduled for each of the plurality of data processing locations having 
repeating : updating the available processing resources to available processing resources , determining the completion 
identify the resources to be consumed by the previously time for the data processing task at the data processing 
scheduled data processing task as unavailable ; selecting the 35 location based on the a corresponding input data transfer 
job of the set of jobs having unscheduled tasks and having time and the corresponding execution time . 
the longest job completion time based on the shortest task In any of the previous embodiments , identifying the 
completion time for the data processing tasks included in the execution time for the data processing task can include : 
selected job ; selecting , from the unscheduled tasks for the identifying a type of the data processing task ; based on a 
selected job , the data processing task having the longest task 40 database of execution data for types of data processing tasks , 
completion time based on shortest task completion times for determining the execution time for the data processing task 
the unscheduled data processing tasks for the selected job ; based on the identified type , and a size of the input data for 
and scheduling the selected data processing task at the data the data processing task . 
processing location corresponding to the selected data pro In any of the previous embodiments , the at least one 
cessing task ' s shortest completion time . 45 processor can be configured for : populating one or more data 

In any of the previous embodiments , the at least one structures representing completion time objectives and con 
processor can be configured for : for each data processing s traints based on the completion times for each of the data 
task identified in the set of task identifiers : determining input processing tasks , data processing location assignments 
data transfer times to transfer input data for the data pro - parameters , and the available resources ; wherein selecting 
cessing task to each of the plurality of data processing 50 the job having the longest optimal completion time includes 
locations having available processing resources ; and for solving a linear programming problem defined by the matri 
each of the plurality of data processing locations having ces . 
available processing resources , determining a completion In any of the previous embodiments , obtaining the set of 
time for the data processing task based on the corresponding task identifiers can include : receiving job execution requests 
input data transfer time . 55 until a scheduling trigger is detected ; and upon detection of 

In any of the previous embodiments , determining the the scheduling trigger , identifying the set of data processing 
input data transfer times for a single data processing task tasks to be scheduled from the job execution requests . 
identified in the set of task identifiers can include : identify - In any of the previous embodiments , scheduling trigger 
ing a size and location of each input data for the single data can be detected when a defined time period has elapsed , or 
processing task ; determining a communication bandwidth 60 when a number of received jobs execution requests meets a 
between each input data location and each of the data defined threshold . 
processing locations , and for each of the data processing In any of the previous embodiments , the data processing 
locations : determining the transfer time for each of the input tasks identified in the set of task identifiers can be executed 
data to the data processing location based on the size of the in parallel . 
input data and the communication input data location and 65 In any of the previous embodiments , selecting the job 
the data processing location ; and selecting , from the transfer having the longest job completion time can be based on the 
times for each of the input data to the data processing shortest task completion times at data processing locations 
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having available resources ; and selecting the data processing locations : determining the transfer time for each of the input 
task having the longest task completion time can be based on data to the data processing location based on the size of the 
the shortest task completion times for the unscheduled data input data and the communication input data location and 
processing tasks for the selected job at data processing the data processing location ; and selecting , from the transfer 
locations having available resources . 5 times for each of the input data to the data processing 

In accordance with another aspect of the present disclo location , a largest transfer time as the input data transfer time 
sure there is provided a non - transitory , computer - readable for the single data processing task at the data processing 
medium or media having stored thereon computer - readable location . instructions . The instructions , which when executed by at In any of the previous embodiments , the computer - read least one processor , configure the at least one processor for : 10 able instructions can configure the at least one processor for : obtaining a set of task identifiers , each task identifier iden for each of the data processing tasks identified in the set of tifying a corresponding data processing task included in one task identifiers , determining an execution time for the data of a plurality of jobs to be scheduled for execution at one of 
a plurality of data processing locations ; from the jobs having processing task ; and for each of the plurality of data pro 
unassigned data processing tasks , selecting a job having a 15 cessing locations having available processing resources , 
longest job completion time based on a shortest task comple determining the completion time for the data processing task 
tion time for the data processing tasks included in the at the data processing location based on a corresponding 
selected job ; selecting , from unscheduled data processing input data transfer time and the corresponding execution 
tasks for the selected job , a data processing task having a time . 
longest task completion time based on shortest task comple - 20 In any of the previous embodiments , determining the 
tion times for the unscheduled data processing tasks for the input data transfer times for a single data processing task 
selected job ; and scheduling the selected data processing identified in the set of task identifiers can include : identify 
task for execution at the data processing location of the ing a size and location of each input data for the single data 
plurality of data processing locations corresponding to the processing task ; determining a communication bandwidth 
selected data processing task ' s shortest completion time and 25 between each input data location and each of the data 
having available processing resources . processing locations ; and for each of the data processing 

In some embodiments , the computer - readable instructions locations : determining the transfer time for each of the input 
can configure the at least one processor for : adjusting the data to the data processing location based on the size of the completion times of all other unscheduled data processing input data and the communication input data location and tasks included in the selected job to have a completion time 30 71 the data processing location ; and selecting , from the transfer equal to the maximum of : the optimal completion time of the times for each of the input data to the data processing selected data processing task , and the completion time of the location , a largest transfer time as the input data transfer time respective unscheduled data processing task . for the single data processing task at the data processing In any of the previous embodiments , the computer - read 
able instructions can configure the at least one processor for : 350 
until each data processing task identified in the set of task In any of the previous embodiments , the computer - read 
identifiers has been scheduled , repeating : updating the avail able instructions can configure the at least one processor for : 
able processing resources to identify the resources to be for each of the data processing tasks identified in the set of 
consumed by the previously scheduled data processing task task identifiers , determining an execution time for the data 
as unavailable ; selecting the job of the set of jobs having 40 processing task ; and for each of the plurality of data pro 
unscheduled tasks and having the longest job completion cessing locations having available processing resources , 
time based on the shortest task completion time for the data determining the completion time for the data processing task 
processing tasks included in the selected job ; selecting , from at the data processing location based on the a corresponding 
the unscheduled tasks for the selected job , the data process - input data transfer time and the corresponding execution 
ing task having the longest task completion time based on 45 time . 
shortest task completion times for the unscheduled data In any of the previous embodiments , identifying the 
processing tasks for the selected job ; and scheduling the execution time for the data processing task can include : 
selected data processing task at the data processing location identifying a type of the data processing task ; based on a 
corresponding to the selected data processing task ' s shortest database of execution data for types of data processing tasks , completion time . 50 determining the execution time for the data processing task 

In any of the previous embodiments , the computer - read based on the identified type , and a size of the input data for able instructions can configure the at least one processor for : the data processing task . for each data processing task identified in the set of task In any of the previous embodiments , the computer - read identifiers : determining input data transfer times to transfer 
input data for the data processing task to each of the plurality 55 sable instructions can configure the at least one processor for : 
of data processing locations having available processing populating one or more data structures representing comple 
resources ; and for each of the plurality of data processing tion time objectives and constraints based on the completion 
locations having available processing resources , determin times for each of the data processing tasks , data processing 
ing a completion time for the data processing task based on location assignments parameters , and the available 
the corresponding input data transfer time . 60 resources ; wherein selecting the job having the longest 

In any of the previous embodiments , determining the optimal completion time includes solving a linear program 
input data transfer times for a single data processing task ming problem defined by the matrices . 
identified in the set of task identifiers can include : identify . In any of the previous embodiments , obtaining the set of 
ing a size and location of each input data for the single data task identifiers can include : receiving job execution requests 
processing task ; determining a communication bandwidth 65 until a scheduling trigger is detected ; and upon detection of 
between each input data location and each of the data the scheduling trigger , identifying the set of data processing 
processing locations ; and for each of the data processing tasks to be scheduled from the job execution requests . 
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In any of the previous embodiments , scheduling trigger In some approaches , better performance may be achieved 
can be detected when a defined time period has elapsed , or if tasks in a job are distributed across datacenters to be 
when a number of received jobs execution requests meets a located closer to the data being processed . Different task 
defined threshold . assignment architectures can results in different data flow 

In any of the previous embodiments , the data processing 5 patterns , and may ultimately affect job completion times and 
tasks identified in the set of task identifiers can be executed throughput . 
in parallel . In one task scheduling architecture , all of the tasks of an 

In any of the previous embodiments , selecting the job individual job may be considered to determine an optimal 

having the longest job completion time can be based on the task assignment for that particular job . However , because 
10 multiple jobs are competing for limited resources , optimiz shortest task completion times at data processing locations ing the performance for a single job may assign resources to having available resources ; and selecting the data processing the detriment of other jobs waiting to be executed . task having the longest task completion time can be based on In some instances , task scheduling architectures which the shortest task completion times for the unscheduled data consider tasks across multiple jobs may result in increased 

processing tasks for the selected job at data processing 15 fairness in the distribution of resources , and may reduce 
locations having available resources . execution times for concurrently executing jobs . In some 
Many further features and combinations thereof concern - instances , this may improve the overall throughput of the 

ing the present improvements will appear to those skilled in system . 
the art following a reading of the instant disclosure . FIG . 1 illustrates an example distributed computing envi 

20 ronment 100 including three datacenters 110 labelled DC1 , 
DESCRIPTION OF THE FIGURES DC2 , and DC3 . Each datacenter 110 includes data storage 

device ( s ) 120 which contain input data A1 , A2 , B1 , or B2 as 
FIG . 1 is a diagram showing aspects of an example labelled . Each datacenter 110 includes a number of process 

computing environment and task assignment scenario ; ing slots 130 with each slot representing a set of available 
FIG . 2 is a diagram showing an example task assignment 25 computing resource ( s ) which can accommodate a single task 

for the computing environment of FIG . 1 ; assignment . The arrows represent the available communi 
FIG . 3 is a diagram showing another example task assign - cation bandwidth between the datacenters 110 in MB / s . 

ment for the computing environment of FIG . 1 ; In this example scenario , two jobs , Job A and Job B , have 
FIG . 4 is a diagram showing aspects of an example been received for scheduling . Job A includes two tasks tA1 

computing environment ; 30 and tA2 , each of which require input data A1 and A2 . Job B 
FIG . 5 is a schematic showing aspects of an example includes two tasks tB1 and tB2 , each of which require input 

system and process for scheduling jobs ; data B1 and B2 . For Job A , both of its tasks , tA1 and tA2 , 
FIG . 6 is a flowchart showing aspects of an example require 100 MB of data from input data A1 stored in DC1 , 

method for scheduling jobs ; and 200 MB of data from A2 located at DC3 . For Job B , the 
FIGS . 7 and 8 are diagrams showing two different 35 amounts of data to be read by task tB1 from data B1 in DC2 

example task assignments for a computing environment and B2 in DC3 are both 200 MB ; and task tB2 needs to read 
having three data processing locations ; 200 MB of data from B1 and 300 MB from B2 . 

FIG . 9 is a diagram showing an example geodistributed FIG . 2 shows an example task assignment for the example 
data processing environment ; computing environment 100 and scenario illustrated in FIG . 

FIGS . 10 , 11 and 12 include graphs showing example job 40 1 . This example assignment was scheduled by a scheduler 
completion time results . configured to optimize task assignments on a job - by - job 

These drawings depict aspects of example embodiments basis . The arrows illustrate the transfer times for each input 
for illustrative purposes . Variations , alternative configura data in seconds ( input data size in MB / bandwidth in MB per 
tions , alternative components and modifications may be second ) . 
made to these example embodiments . 45 To optimize the assignment of Job A , task tA2 is assigned 

to the only available computing slot in DC3 , and tA1 is 
DETAILED DESCRIPTION assigned to DC2 , which when considering only data transfer 

times results in a job completion time of max { 100 / 80 , 
It is increasingly common for large volumes of data to be 200 / 160 , 100 / 150 ) = 1 . 25 seconds . Then , the scheduler con 

generated and processed in a distributed fashion at multiple 50 tinues to optimize the assignment of Job B . DC1 and DC2 
datacenters spread across a network and / or geographically are selected to distribute tasks tB1 and tB2 , respectively , 
around the world . resulting in the completion time for Job B of max 200 / 80 , 

A data analytic job can often be separated into tens to 200 / 100 , 200 / 160 } = 2 . 5 seconds . This task placement may 
thousands of data processing tasks . Some tasks may be not be optimal when considering the performance of the jobs 
dependent on the results of previous tasks in the job . In some 55 jointly . 
approaches , a job can be divided into a number of consecu - FIG . 3 shows another example task assignment for the 
tive computation stages , each of which includes a number of example computing environment 100 and scenario illus 
data processing tasks which can be executed in parallel . To trated in FIG . 1 . This example assignment was scheduled by 
start a new computation stage , intermediate data from the a scheduler configured to consider task assignments across 
preceding stage may need to be fetched from another 60 different jobs . In this assignment , task tB2 is assigned to the 
location , which may initiate multiple network flows . computing slot in DC3 , which avoids the transfer of 300 MB 
When input data is located across multiple datacenters , of data from dataset B2 . Task tB1 is assigned to DC2 rather 

one approach is to gather all the data for a single job to be than DC1 , which takes advantage the high bandwidth of the 
processed locally within a single datacenter . In some DC3 - DC2 link . In this assignment , the completion times of 
instances , transferring large amounts of data between data - 65 Job A and Job B are max { 200 / 100 , 100 / 80 , 200 / 160 ) = 2 
centers may be slow and inefficient because bandwidth on seconds , and max 200 / 160 , 200 / 120 ) = 1 . 67 seconds , 
inter - datacenter links may be limited . respectively . Compared to the independent assignment in 
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FIG . 2 where the worst completion time across both jobs is processing locations 410 or elsewhere in the environment 
2 . 5 seconds , the assignment in FIG . 3 results in a worst 400 . The data storage devices 420 may store input , output 
completion time of 2 seconds . and / or intermediate data for one or more tasks or jobs . Data 

Aspects of embodiments described herein may , in some may be in the form of datasets , databases , files , or any 
instances , provide a task scheduler which considers task 5 suitable format . 
assignments across multiple jobs . The data processing locations 410 , resources 450 , and 

FIG . 4 is a schematic showing aspects of an example data storage devices 420 may be connected by one or more 
distributed computing environment 400 to which aspects of data networks 430 . The data networks 430 can include direct the present disclosure may be applied . In some embodi communication links , physical networks , logical networks , ments , the distributed computing environment 400 can 10 
include any combination of hardware and software compo wired networks and / or wireless networks . These networks 

may include any number of network devices , communica nents , and may be referred to as a system . For example , a tion interfaces , or other components for data communication distributed computing environment 400 may include a com between elements of the distributing computing environ bination of computing devices , processors , networks , 
memories , storage devices , network devices , power sources , 15 ment . In some embodiments , data networks 430 can include 
license servers ( e . g . , software license servers ) , swap space , communication connections between different systems or 
and the like . In some embodiments , the computing environ devices , and / or interconnections within a device or system 
ment 400 may be a heterogeneous or a homogenous envi ( e . g . within a datacenter , within a rack , within a backplane , 
ronment , and may have different or similar hardware com etc . ) . In some embodiments , aspects of the networks 430 
ponents running different or similar operating systems . 20 themselves can be resources . For example , physical or 

In some embodiments , the distributed computing envi - logical connections / ports / addresses , communication band 
ronment 400 may be a computing system including one or widths , protocols , etc . In some embodiments , various ele 
more processors in a single device or split across any ments of the data processing locations 410 or other elements 
number of devices . These processors can be configured to of the environment include communication interfaces and / or 
manage the resources 450 and / or schedule tasks in the 25 other suitable hardware and / or software components for 
computing system . The computing system can be configured communicating data across the network ( s ) 430 . 
as a distributed resource management ( DRM ) system . In In some embodiments , processors and / or other computer 
some embodiments , the DRM system is an infrastructure elements at the data processing locations 410 and / or else 
middleware which can run on top of a distributed environ where in the distributed computing environment can be 
ment . The distributed computing environment 400 can 30 configured to operate one or more distributed resource 
include different kinds of hardware and software . The dis - management ( DRM ) agents or other hardware and / or soft 
tributed computing environment 400 includes a number of ware elements for monitoring and reporting resource capa 
data processing locations 410 . A data processing location bilities and / or availabilities , file sizes , network bandwidths , 
410 can include one or more devices having computing and / or any other information for the job / task schedulers 
resources 450 . In some embodiments , a data processing 35 described herein . 
location 410 can be a single device physically or logically , In some embodiments , processors and / or other computer 
such as an individual computer or server . In some embodi - elements in the system may be configured to operate at least 
ments , a data processing location 410 can include multiple portions of a DRM system including , for example , DRM 
devices such as a computing system , mainframe or datacen agents , master daemons , data processing engines , job man 
ter . 40 agers , directed acyclic graph schedulers , task schedulers , 

The distributed computing environment 400 can include resources managers and / or any other DRM component or 
one or more resources 450 which can be utilized to perform portion thereof . These DRM components may be software 
data processing tasks . Resources 450 can include , but are not components , hardware components , or any combination 
limited to , processors ( e . g . central processing units , graphics thereof . In some embodiments , the DRM components may 
processing units , processing units or cores , integrated cir - 45 be implemented by machine - readable instructions being 
cuits , field - programmable gate arrays , any other computa - executed on one or more processors . 
tional devices , and the like ) , memories , network resources Aspects of the present disclosure may be applied to 
( ports , bandwidth allocations , etc . ) , software licenses , data various DRM systems such as the IBMTM Platform Load 
storage devices , and any other hardware or software com - Sharing Facility ( LSF ) , ApacheTM HadoopTM , YARN ( Yet 
ponent , or combination thereof which can be assigned to 50 Another Resource Negotiator ) , ApacheTM SparkTM , PBS 
tasks / jobs in a distributed computing environment . These ( Portable Batch Scheduler ) , OpenStackTM , HuaweiTM 
resources 450 can be at any number of data processing FusionSphere , FusionCube and FusionInsight . 
locations 410 . FIG . 5 illustrates a schematic showing aspects of an 
Some resources 450 may be physically or logically asso - example system 500 and process 501 for scheduling jobs in 

ciated with a single device , and other resources 450 may be 55 a distributed computing environment . 
shared resources which may be utilized by multiple devices Jobs can refer to any process , service , or any other 
in the distributed computing environment 400 . In some computing operation or set of operations to be run on a 
embodiments , resources 150 in the computing environment computing system . For example , jobs may include batch 
400 can have or otherwise be associated with one or more jobs ( e . g . , high performance computing ( HPC ) batch jobs ) , 
attributes or characteristics . In some embodiments , attri - 60 Message Passing Interface ( MPI ) processes , serial and / or 
butes can include resource type or class , resource statel parallel batch tasks , real time analytics , elastic applications 
status , resource location , resource identifier / name , resource ( e . g . , MapReduce ) , long running services , virtual machines , 
value , resource capacity , resource capabilities , or any other containers , etc . 
resource information that can be used as criteria for selecting In some instances , jobs include a number of tasks , or 
or identifying a suitable resource . 65 smaller operations which are to be completed in order to 

The distributed computing environment 400 can include complete the job . In some embodiments , some tasks may be 
one or more data storage devices 420 located at data dependent on other tasks because they may utilize the output 
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of a previous task as an input . In some embodiments , some been completed . In some embodiments , a scheduling trigger 
tasks may be independent of and may be executed in parallel may be detected when the execution of a previous set of 
with others . tasks has been completed . 

In some embodiments , the system 500 includes a task In some embodiments , a scheduling trigger may be 
scheduler 510 , a job manager 515 , and a resource manager 5 related to any suitable event , or any combination thereof . 
525 . In some embodiments , the functions performed by Upon detection of a scheduling trigger , the task scheduler 
these DRM components can be executed on different pro 510 , in some embodiments , may identify some or all of the 
cessors , devices , and / or data processing locations . In some tasks in the scheduling pool and / or their corresponding 

identifiers as a set of task identifiers corresponding to tasks embodiments , some or all the functions performed by these 
DRM components can be executed on the same processors , 10 to be scheduled . 

In some embodiments , the task scheduler 510 receives devices and / or data processing locations as other DRM resource availability data for resources in the DRM system . components . In some embodiments , there may be no sepa This data may include static and / or runtime / dynamic ration between some or all aspects of the job manager , task resource information . In some examples , the resource avail scheduler and / or resource manager ; and some or all of their 15 ability data may include resource types , resource names , functionalities may all be executed by a single data process . device identifiers , network addresses , resource capacities or 
The task scheduler 510 obtains a set of task identifiers capabilities , consumed / available resource information , identifying data processing tasks to be scheduled . In some resource status , resource relationships , topologies , and / or 

embodiments , a task identifier may be a unique identifier any other information associated with one or more 
assigned to a task by the DRM system . In some embodi - 20 resources . 
ments , the task identifier may be mapped or otherwise In some embodiments , resource availability data can 
associated with additional task data such as a job identifier include a number of available processing cores , a total 
identifying a job to which the task belongs , a task function number of processing cores , an amount of free RAM , an 
call , task parameters , inputs , outputs , task types , data depen - up / down status of a resource , a type of processor , a processor 
dencies and / or the like . In some embodiments , task identi - 25 speed , an operating system , and the like . 
fiers may include or may be included in some or all of the In some embodiments , the DRM system may include a 
additional task data . In some embodiments , this task data is resource manager 525 or cluster manager which receives 
obtained from the job manager or other element of the DRM resource availability data from different agents or other 
system . DRM components in the system which monitor and report 

In some instances , the data processing tasks identified in 30 ntified in 30 local resource availability data . In some embodiments , the 
the set of task identifiers can be from multiple jobs . For resource availability information may be obtained by the 

task scheduler from a resource manager 525 and / or directly example , a set of data processing tasks identified by the set from DRM components ( e . g . agents ) in the system . of task identifiers may include two tasks from Job A , and two In some embodiments , the task scheduler 510 receives or tasks from Job B . 35 otherwise obtains network and task data such as input data In some embodiments , the task scheduler 510 obtains task sizes , input data locations , network bandwidths , and the like . 
identifiers from a job manager 515 or other element in the Some or all of this data may be received with the task data 
DRM system . In some embodiments , a job manager 515 and / or the resource data . 
receives job execution requests and communicates some or The task scheduler performs task scheduling operations 
all tasks from a single job to the task scheduler 510 . In some 40 530 on a set of tasks to be scheduled from the scheduling 
embodiments , the job manager 515 may only send , for pool 520 . In some embodiments , the task scheduler 510 is 
scheduling , tasks which are ready for execution , for configured to consider optimal job completion times as well 
example , if they have no outstanding data dependencies . as fairness in resource allocation between jobs . In some 

In some embodiments , the job manager 515 may be or instances , a task scheduling / assignment problem can be an 
may include a directed acyclic graph ( DAG ) scheduler . In 45 NP - hard integer optimization problem . 
some embodiments , the job manager 515 separates a job ' s However , in some embodiments , the task scheduling 
tasks into stages which can be provided to the task scheduler processes 530 described herein may reduce the processor 
on a stage by stage basis . In some embodiments , all tasks computations into a linear programming problem which , in 
obtained by the task scheduler for a particular iteration of some instances , may be computed efficiently . 
scheduling can be executed in parallel . 50 In some embodiments , the task scheduling processes 530 

In some embodiments , the task scheduler 510 can store assign the tasks to available resources , and the assigned 
the task identifiers and / or task data in a scheduling pool 520 . tasks are scheduled for execution . In some embodiments , the 
For example , the task identifiers and / or task data may be scheduled task data 540 including task identifiers and their 
stored in a buffer , memory , storage device and the like in a assigned data processing locations / resources are stored in a 
queue or other suitable arrangement until a scheduling 55 buffer or other data storage device until the instructions or 
trigger is detected . other signals for executing the tasks are transmitted . In some 

In some embodiments , a scheduling trigger may be embodiments , the signals for executing the scheduled tasks 
detected when the number of tasks or jobs represented in the are transmitted after all tasks in the scheduling pool have 
scheduling pool 520 meets a defined threshold ( e . g . the been scheduled . 
number of tasks or jobs is greater than X ) . 60 In some embodiments , instructions or other signals for 

In some embodiments , a scheduling trigger may be executing the tasks are transmitted as soon as a task is 
detected when a defined time period has elapsed . In some scheduled . 
embodiments , a scheduling trigger may be detected when a FIG . 6 is a flowchart showing aspects of an example 
defined number or percentage of resources in the system method 600 for scheduling jobs in a distributed computing 
become available . 65 environment . 

In some embodiments , a scheduling trigger may be At 610 , as described herein or otherwise , one or more 
detected when the scheduling of a previous set of tasks has processors in the DRM system obtain a set of task identi 
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fiers . In some embodiments , each task identifier identifies a particular task i of the particular job k ; d is the amount of 
corresponding data processing task to be scheduled for data to be transferred ; and b is the communication band 
execution . The set of task identifiers may define a set of data width from location s to location j . In some embodiments , 
processing tasks which are from at least two different jobs . the data transfer time is zero when input data is already at the 
As described herein or otherwise , data processing jobs can 5 data processing location . 
include one or more data processing tasks . At 630 , the processor ( s ) determine a task completion time 

In some embodiments , the set of task identifiers may be for each data processing task for each data processing 
grouped in a data structure such as an array or database table . location . In some embodiments , the task completion time is 
In other examples , the set of task identifiers may not determined based on the corresponding input data transfer 
necessarily be stored in a separate data structure but may be 10 times 
referenced by links or otherwise logically grouped together In some embodiments , the task completion time can be 
in a set . based on the time required for each task to be executed . In At 620 , the processor ( s ) determines transfer times to some embodiments , the task completion time is based on a transfer input data to each data processing location for each sum of the data transfer time and the execution time for a of the data processing tasks . In some instances , the proces - 15 particular data processing location . sors may generate , for each data processing task , an array , 
vector or other arrangement of input data transfer times . In In some embodiments , the processor ( s ) determine an 
some embodiments , the arrangement can include transfer execution time for each data processing task . In some 
times for each input data from the input data ' s original embodiments , the execution time can be determined based 
location to each data processing location having available 20 on the type of task and / or the commands / processes invoked 
resources . by the task . For example , in some embodiments , the type of 

In some embodiments , the processor ( s ) identify data task may be matched with a database of execution data for 
processing locations having available resources as described types of data processing tasks . In some embodiments , the 
herein or otherwise . database may include historical or defined task execution 

In some instances , input data for a task may be located at 25 times , common numbers of computations performed by a 
multiple locations in the distributed computing environment . task ( e . g . number of floating point operations , number of 
In some embodiments , the processors determine the input floating point operations per input data unit , etc . ) and the 
data transfer times to transfer each of the respective input like . In some embodiments , the processor ( s ) determine the 
data to each data processing location . execution time for a task based on the size of the input data 

In some embodiments , determining an input data transfer 30 for the task 
time includes identifying a size and location of each input In some embodiments , the processors determine an data for a task . In some embodiments , this data may be execution time for a task at each data processing location . In obtained from a job manager or other DRM component . In some embodiments , the execution time for a task is based on some embodiments , input data size and location information 
can be included in job data and / or task data which may be 35 the capabilities of the available resources at the data pro 
received when tasks are added to the scheduling pool or at cessing locations ( e . g . processor speed , number of process 
any other time . ing cores , floating point operations per second , etc . ) . 

In some embodiments , the processor ( s ) may obtain input Beginning at 640 , the processors iteratively assign tasks 

data size and location information from one or more file to available resources until all tasks identified in the set of 
system processes . 40 task identifiers have been assigned . At 640 , the processors 

select a job having unscheduled tasks and having the longest In some embodiments , determining an input data transfer 
time includes determining a communication bandwidth optimal job completion time based on the task completion 

times and the data processing locations having available between each input data location and each of the data resources . In some embodiments , the processors select the processing locations . In some embodiments , the processors 
determine communication bandwidths through measure - 45 ! ! 45 job with unscheduled tasks having the longest job comple 
ments using the iperf2 or other similar utility . In some tion time based on the shortest task completion times for the 
embodiments , the processors may determine communica 
tion bandwidths by monitoring data transfer times of pre In some embodiments , the completion time tz of job k can 

be identified as the largest job completion time among all of vious data transmissions between the respective input data 
locations and data processing locations . 50 its tasks and across all available data processing locations D : 

In some embodiments , the input data transfer time to 
transfer all input data for a particular task to a particular data 
processing location is determined to be the largest transfer Tk = max x ; ( Chi teki ) ElkjED 
time selected from the corresponding transfer times for each 
input data . 55 

In some embodiments , the processors determine the input Where x ; is a binary variable indicating whether the i - th 
data transfer times based on the following equation : task of job k is assigned to data location j ; and where e kis 

the execution time for the i - th task of job k at data location 
j . In embodiments where the execution time is not consid 

0 , when S * = { j } 60 ered , the term can be omitted . 

1 , j = In some embodiments , the processors select the job cor max ( dk , s | baj ) , otherwise 
SES „ S # j responding to the largest value from the set of shortest 

completion times for all the jobs { T1 , T2 , . . . , Tx } . In some 
embodiments , to select the job corresponding to the largest 

Where c ; , * is the input data transfer time for task i of job k 65 value from the set of shortest completion times for the jobs , 
at data processing location j ; s is a input data source location the processors calculate the shortest completion times for 
from the set S of all input data source location for the each job based on the task completion times and the data 

job . 

k 

ma 
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processing locations having available resources , and select than the completion time of the selected data processing 
the job which corresponds to the largest optimal completion task , the completion time of the unscheduled data processing 
time . task is set to the completion time of the selected data 

At 650 , the processors select the unscheduled task ( s ) processing task . 
having the longest optimal completion time from the tasks of 5 In some embodiments , the completion time of an 
the selected job . In some embodiments , when more than one unscheduled data processing task in the selected job is set to 
task has the same optimal completion time or must be the maximum between its own completion time and the 
assigned in a particular location in order to achieve the completion time of the selected data processing task . optimal completion time , the processors select all of these FIGS . 7 and 8 show two example task assignments for tasks . In some embodiments , the processors select the task 10 two jobs each having two tasks in a computing environment having the longest task completion time based on the 700 with three data processing locations : datacenter DC1 , shortest task completion times for the unscheduled tasks datacenter DC2 and datacenter DC3 . DC1 can accommodate included in the selected job . two tasks based on its available resource data , and DC2 and At 660 , the processors schedule the selected data process 
ing task ( s ) for execution at the data processing location 15 De On 15 DC3 can accommodate one task each . 
corresponding to their shortest completion times . In some In this example , after the calculation in the first round , 
embodiments , scheduling tasks includes assigning the task task tAl is assigned to resources in DC2 , which has a 
to the data processing location . In some embodiments , this completion time of four seconds at this location . This 
includes updating a set of x values , such that the x value assignment is selected because assigning task tA1 to DC2 
corresponding to the selected task at the corresponding data 20 achieves the worst optimal completion time amongst the 
processing location is set to 1 , true , or a functionally jobs . In FIG . 7 , the completion times for task tA2 are not 
equivalent value ; and the x values corresponding to the updated , so in the second round , the process would maxi 
selected task at other data processing locations are set to 0 , mize the next worst completion time for task tA2 which is 
false or a functionally equivalent value . in the same job . This results in the completion times in 

At 670 , the processors update the available processing 25 seconds ) for the tasks as tA1 = 4 , tA2 = 3 , tB1 = 2 , and tB2 = 2 . 5 . 
resources to identify the resources to be consumed by the Job A has a completion time of 4 seconds , and Job B has a 
scheduled task as unavailable . In some embodiments , the completion time of 2 . 5 seconds . 
processors may represent available resources at each data in contrast , in FIG . 8 . after the processors determine tAl 
processing location as an array of values or other suitable is to be assigned to DC2 , the completion time for tA2 is dataset . In some embodiments , the values may be binary to 30 30 updated to be 4 seconds . This results in the task assignment represent a slot or position which may or may not accom shown in FIG . 8 and the completion times of tA1 = 4 , modate a task . In some embodiments , the values may tA2 = 3 . 5 , tB1 = 2 , and tB2 = 2 . Job A still has a completion 
represent available or unavailable amounts of a resource time of 4 seconds , and Job B has a completion time of 2 
( e . g . available memory ) . In some such embodiments , these seconds . In some embodiments , the selection in a subse values are updated to reflect the resources that will be 35 quent round is solved over a decreased set of variables with consumed by the assigned task . updated constraints and objectives such that , in some While each task has not yet been scheduled 680 , the instances , a next worst job completion time can be optimized processors repeat the process starting at 640 . without impacting the worst job performance in the current At 690 , when each task has been scheduled , the proces round . sors generate and / or transmit instructions or other signals to 40 In some instances , task assignment problems can be 
execute the scheduled tasks . In some embodiments , the defined as integer optimization problems which are gener processors provide the scheduled task ' s data location assign ally considered to be NP - hard problems . In some situations , ment to another DRM component for execution . In other based on a number of transformations , the problem can be embodiments , the processors may generate instructions and / solved as an equivalent problem with a separable convex or datasets to instruct the data processing locations to 45 objective . In some examples , this may allow the task assign execute their assigned tasks . ment to be performed more effectively by the DRM system . In some embodiments , rather than waiting for all tasks to Based on the terminology above , in some situations , be scheduled , the processors can initiate the execution of determining the optimal worst performance across jobs may tasks as they are scheduled . be represented by a lexicographical minimization problem f : Because the slowest task for a particular job will define 50 
the optimal completion time , it does not matter how much 
faster other tasks in the job are completed . Therefore , in lexmin f = ( T1 , T2 , . . . , TK ) some embodiments , in order to prevent unnecessary opti 
mization of faster tasks in a job , after determining a task s . t . Tk = max * ; ( CM , + ej ) , VK EK 
assignment , the processors are can update objective param - 55 
eters for all unassigned tasks belonging to the same job . This 
is illustrated in FIGS . 7 and 8 . With the constraints that the total number of tasks to be In some embodiments , after determining the resource / assigned to a data processing location j does not exceed its 
location assignment for the selected task , the processor ( s ) resource capacity a ; : adjust the completion times of all other unscheduled data 60 
processing tasks included in the selected job . In some 
embodiments , the completion times of all other unscheduled E xt ; saj , VjED data processing tasks in the selected job are set to have an 
optimal completion time which is not faster than the comple 
tion time of the selected data processing task . In some 65 
embodiments , if the optimal completion time of the Each task is only assigned to a single data processing 
unscheduled data processing task in the selected job is faster location : 
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( e . g . x ) , available resources , and / or completion times . In 
some embodiments , the data structures in conjunction with = 1 , Vietk , VKEK 
the linear programming solver encapsulate the completion 
time objectives and constraints described or similarly rep 

5 resented herein . 
Where each task assignment is represented by a binary After solving the initial subproblem , it is known that the 
variable x : optimal worst job completion time is achieved by job k * , 

whose slowest task i * is assigned to processing location j * . X ; " E { 0 , 1 } , Vietz , VJED , VKEK . In some embodiments , the processor ( s ) assign the slowest 
The objective of this problem is a vector f with K 10 task and update the data processing location assignment 

elements , each representing the optimal completion time for parameters to remove the assignment parameter X ; * j * * * from a particular job . the data structures for the next iteration . Also , because task Based on the above equations and constraints , a poten i * is to be assigned to data location j * , the processor ( s ) 
tially NP - hard , integer programming problem can be defined update the data structures to set all other assignment param 
as : eters to O or false ( X * * * * = 0 , Vi = j * ) . The corresponding 

available resource parameters are also updated in the data 
structures . 

min max | max x ; ( In some embodiments , in order to obtain an assignment 
* KEK VIETE , JED which can prevent an earlier selected job from receiving task 

20 assignments which could be unnecessarily detrimental to 

In some embodiments , to impart fairness across jobs , the other jobs ( as illustrated in the examples in FIGS . 7 and 8 ) , 
job having the slowest optimal completion time can be the processors are configured to update the data structures to 

change the completion times . In some embodiments , after assigned first , and in subsequent iterations , the job having the slowest task i * of job k * has been assigned , for the tasks the next slowest optimal completion time can be scheduled . 
An optimal solution for the job having the slowest optimal aj 25 in k * which have not yet been assigned ( x * * , Vizi * , Vj + j * ) , 

completion time may be obtained by solving the following the processors update their completion times as 
linear programming problem : xz , k * ( C ; * , 7 * * * + e ; « . * * * ) . 

FIG . 9 shows an example data processing environment 
900 having six geodistributed data processing locations 

30 ( datacenters : Vir , Ore , Ire , Sin , Sy , and SP ) with the arrows 
indicating the available bandwidth between each datacenter . 

kEK IETE JED Each datacenter has resources for two task assignments 
S . D . xx ; = 21 , VKEK , VI E Tk , VjED each , and the input data for jobs A , B , C and D are illustrated 

beside the datacenter at which they are location . akti + 2 = 1 , VK E K , VIETk , VjED In an example test scenario , 4 jobs A , B , C and D are to 
be scheduled , each having three tasks each . The example ER , VKEK , VIE TK , VED 
data processing environment obtained the worst and second 
worst job completion times illustrated in FIG . 10 . The upper 

Where M is the dimension of graph 1000 shows , for ten separate runs , the worst job 
40 completion times of the four jobs . The dotted line ( Baseline ) g = ( $ ( x1 , 1 " ) , . . . , P ( x ; , ) , . . . p ( xnxxK ) , represents the worst job completion times when the system 

and p ( x , y ) is the convex objective function . is implemented using a default scheduling process in 
SparkTM . In contrast , the solid line ( Fair ) represents the 0 ( 3 : , ) = x ; } ( C ; * + : 34 ) , VIETz , VjED , VKEK . corresponding worst job completion times when the system 

In some embodiments , the processors are configured to 45 is implemented using a scheduling process as described 
populate one or more data structures representing param - herein . 
eters for solving some or all aspects of the above - noted The lower graph 1010 similarly shows the job completion 
linear programming model . In some embodiments , the data times for the second slowest job . In every run , the slowest 
structures by matrices , vectors , or any other suitable data and the second slowest jobs both completed faster when the 
format . 50 “ Fair ” system than when using the “ Baseline ” system . 

In some embodiments , the data structures encapsulate FIG . 11 similarly shows the results for the worst job 
task assignment parameters ( e . g . x ) , available resources ( e . g . completion time 1100 , and the second worst job completion 
a ) , input data transfer times ( e . g . c ) , execution times ( e . g . e ) , time 1110 for a scenario when three jobs are received for 
job completion times and / or task completion times . execution on the example data processing environment 900 . 

In some embodiments , the processors executed one or 55 FIG . 12 similarly shows the results for the worst job 
more linear programming processes on the populated data completion time 1200 , and the second worst job completion 
structures to identify optimal completion times and / or task time 1210 for a scenario when five jobs are received for 
assignments . In some embodiments , the linear programming execution on the example data processing environment 900 . 
processes may be implemented with MOSEKTM or other Embodiments disclosed herein may be implemented 
linear programming solver packages . 60 using hardware , software or some combination thereof . 

After solving the linear programming minimization sub - Based on such understandings , the technical solution may be 
problem above , the processors continue to solve the lexico - embodied in the form of a software product . The software 
graphical minimization problem f by iteratively minimizing product may be stored in a non - volatile or non - transitory 
the next worst completion time . storage medium , which can be , for example , a compact disk 

In some embodiments , the processors populate and 65 read - only memory ( CD - ROM ) , USB flash disk , a removable 
manipulate data structures representing data processing hard disk , flash memory , hard drive , or the like . The software 
tasks , jobs , data processing location assignment parameters product includes a number of instructions that enable a 
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computing device ( computer , server , mainframe , or network networks , for example . The embodiments described herein , 
device ) to execute the methods provided herein . for example , are directed to computer apparatuses , and 

Program code may be applied to input data to perform the methods implemented by computers through the processing 
functions described herein and to generate output informa and transformation of electronic data signals . 
tion . The output information is applied to one or more output 5 The embodiments described herein may involve comput 
devices . In some embodiments , the communication interface ing devices , servers , receivers , transmitters , processors , 
may be a network communication interface . In embodiments memory ( ies ) , displays , networks particularly configured to 
in which elements are combined , the communication inter - implement various acts . The embodiments described herein 
face may be a software communication interface , such as are directed to electronic machines adapted for processing 
those for inter - process communication . In still other 10 and transforming electromagnetic signals which represent 
embodiments , there may be a combination of communica - various types of information . The embodiments described 
tion interfaces implemented as hardware , software , and / or herein pervasively and integrally relate to machines and 
combination thereof . their uses ; the embodiments described herein have no mean 

Each computer program may be stored on a storage media ing or practical applicability outside their use with computer 
or a device ( e . g . , ROM , magnetic disk , optical disc ) , read - 15 hardware , machines , a various hardware components . 
able by a general or special purpose programmable com - Substituting the computing devices , servers , receivers , 
puter , for configuring and operating the computer when the transmitters , processors , memory , display , networks particu 
storage media or device is read by the computer to perform l arly configured to implement various acts for non - physical 
the procedures described herein . Embodiments of the system hardware , using mental steps for example , may substantially 
may also be considered to be implemented as a non - 20 affect the way the embodiments work . 
transitory computer - readable storage medium , configured Such hardware limitations are clearly essential elements 
with a computer program , where the storage medium so of the embodiments described herein , and they cannot be 
configured causes a computer to operate in a specific and omitted or substituted for mental means without having a 
predefined manner to perform the functions described material effect on the operation and structure of the embodi 
herein . 25 ments described herein . The hardware is essential to the 

Furthermore , the systems and methods of the described embodiments described herein and is not merely used to 
embodiments are capable of being distributed in a computer perform steps expeditiously and in an efficient manner . 
program product including a physical , non - transitory com Although the present invention and its advantages have 
puter readable medium that bears computer usable instruc - been described in detail , it should be understood that various 
tions for one or more processors . The medium may be 30 changes , substitutions and alterations can be made herein 
provided in various forms , including one or more diskettes , without departing from the invention as defined by the 
compact disks , tapes , chips , magnetic and electronic storage appended claims . 
media , volatile memory , non - volatile memory and the like . Moreover , the scope of the present application is not 
Non - transitory computer - readable media may include all intended to be limited to the particular embodiments of the 
computer - readable media , with the exception being a tran - 35 process , machine , manufacture , composition of matter , 
sitory , propagating signal . The term non - transitory is not means , methods and steps described in the specification . As 
intended to exclude computer readable media such as pri - one of ordinary skill in the art will readily appreciate from 
mary memory , volatile memory , RAM and so on , where the the disclosure of the present invention , processes , machines , 
data stored thereon may only be temporarily stored . The manufacture , compositions of matter , means , methods , or 
computer useable instructions may also be in various forms , 40 steps , presently existing or later to be developed , that 
including compiled and non - compiled code . perform substantially the same function or achieve substan 

The present disclosure may make numerous references to tially the same result as the corresponding embodiments 
servers , services , interfaces , portals , platforms , or other described herein may be utilized according to the present 
systems formed from hardware devices . It should be appre invention . Accordingly , the appended claims are intended to 
ciated that the use of such terms is deemed to represent one 45 include within their scope such processes , machines , manu 
or more devices having at least one processor configured to facture , compositions of matter , means , methods , or steps . 
execute software instructions stored on a computer readable What is claimed is : 
tangible , non - transitory medium . One should further appre - 1 . A method for scheduling jobs in a distributed comput 
ciate the disclosed computer - based algorithms , processes , ing environment , the method comprising : 
methods , or other types of instruction sets can be embodied 50 obtaining a set of task identifiers , each task identifier 
as a computer program product comprising a non - transitory , identifying a corresponding data processing task 
tangible computer readable media storing the instructions included in one of a plurality of jobs to be scheduled for 
that cause a processor to execute the disclosed steps . execution ; 

Various example embodiments are described herein . for each unscheduled data processing task , 
Although each embodiment represents a single combination 55 determining input data transfer times to transfer input 
of inventive elements , the inventive subject matter is con data for the unscheduled data processing task to each 
sidered to include all possible combinations of the disclosed of a plurality of data processing locations ; and 
elements . Thus , if one embodiment comprises elements A , for each of the plurality of data processing locations , 
B , and C , and a second embodiment comprises elements B determining a task completion time for the unsched 
and D , then the inventive subject matter is also considered 60 uled data processing task based on the corresponding 
to include other remaining combinations of A , B , C , or D , input data transfer time ; 
even if not explicitly disclosed . from the jobs having unscheduled data processing tasks , 

The embodiments described herein are implemented by selecting a job having a longest job completion time 
physical computer hardware embodiments . The embodi based on a shortest task completion time for the data 
ments described herein provide useful physical machines 65 processing tasks included in the selected job ; 
and particularly configured computer hardware arrange - selecting , from the unscheduled data processing tasks for 
ments of computing devices , servers , processors , memory , the selected job , a data processing task having a longest 
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task completion time based on the shortest task comple completion times for each of the data processing tasks , 
tion times for the unscheduled data processing tasks for data processing location assignments parameters , and 
the selected job ; and the available resources ; 

scheduling the selected data processing task for execution wherein selecting the job having the longest optimal 
at the data processing location corresponding to the 5 completion time includes solving a linear programming 
selected data processing task ' s shortest completion problem defined by the matrices . 
time and having available processing resources . 8 . The method of claim 1 , wherein obtaining the set of 

2 . The method of claim 1 , comprising : adjusting the task identifiers comprises : 
receiving job execution requests until a scheduling trigger completion times of all other unscheduled data processing 

tasks included in the selected job to have a completion time is detected ; and 
equal to the maximum of : the optimal completion time of the upon detection of the scheduling trigger , identifying the 

set of data processing tasks to be scheduled from the selected data processing task , and the completion time of the job execution requests . respective unscheduled data processing task . 9 . The method of claim 8 , wherein the scheduling trigger 
3 . The method of claim 1 , comprising : until each data 15 is detected when a defined time period has elapsed , or when 

processing task identified in the set of task identifiers has a number of received jobs execution requests meets a 
been scheduled , repeating : updating the available processing defined threshold . 
resources to identify the resources to be consumed by the 10 . The method of claim 1 . wherein the data processing 
previously scheduled data processing task as unavailable ; tasks identified in the set of task identifiers can be executed 
selecting the job of the set of jobs having unscheduled tasks 20 in parallel . 
and having the longest job completion time based on the 11 . The method of claim 1 , wherein selecting the job 
shortest task completion time for the data processing tasks having the longest job completion time is based on the 
included in the selected job ; selecting , from the unscheduled shortest task completion times at data processing locations 
tasks for the selected job , the data processing task having the having available resources ; and 
longest task completion time based on shortest task comple - 25 wherein selecting the data processing task having the 
tion times for the unscheduled data processing tasks for the longest task completion time is based on the shortest 
selected job ; and scheduling the selected data processing task completion times for the unscheduled data pro 
task at the data processing location corresponding to the cessing tasks for the selected job at data processing 
selected data processing task ' s shortest completion time . locations having available resources . 

4 . The method of claim 1 , wherein determining the input 30 + 30 12 . A system comprising : 
data transfer times for a single data processing task identi at least one processor for scheduling jobs in a distributed 
fied in the set of task identifiers comprises : computing environment , the at least one processor 

configured for : identifying a size and location of each input data for the obtaining a set of task identifiers , each task identifier single data processing task ; 35 identifying a corresponding data processing task 
determining a communication bandwidth between each included in one of a plurality of jobs to be scheduled input data location and each of the data processing for execution at one of a plurality of data processing 

locations ; and locations ; 
for each of the data processing locations : from the jobs having unscheduled data processing 

determining the transfer time for each of the input data 40 tasks , selecting a job having a longest job completion 
to the data processing location based on the size of time based on a shortest task completion time for the 
the input data and the communication input data data processing tasks included in the selected job ; 
location and the data processing location ; and selecting , from unscheduled data processing tasks for 

selecting , from the transfer times for each of the input the selected job , a data processing task having a 
data to the data processing location , a largest transfer 45 longest task completion time based on shortest task 
time as the input data transfer time for the single data completion times for the unscheduled data process 
processing task at the data processing location . ing tasks for the selected job ; and 

5 . The method of claim 1 , comprising : for each of the data scheduling the selected data processing task for execu 
processing tasks identified in the set of task identifiers , tion at the data processing location of the plurality of 

determining an execution time for the data processing 50 data processing locations corresponding to the 
task ; and selected data processing task ' s shortest completion 

for each of the plurality of data processing locations time and having available processing resources . 
having available processing resources , determining the 13 . The system of claim 12 , wherein the at least one 
completion time for the data processing task at the data processor is configured for : adjusting the completion times 
processing location based on the corresponding input 55 of all other unscheduled data processing tasks included in 
data transfer time and the corresponding execution the selected job to have a completion time equal to the 
time . maximum of : the optimal completion time of the selected 

6 . The method of claim 5 , wherein identifying the execu data processing task , and the completion time of the respec 
tion time for the data processing task comprises : tive unscheduled data processing task . 

identifying a type of the data processing task ; 60 14 . The system of claim 12 , wherein the at least one 
based on a database of execution data for types of data processor is configured for : 

processing tasks , determining the execution time for until each data processing task identified in the set of task 
the data processing task based on the identified type , identifiers has been scheduled , repeating : updating the 
and a size of the input data for the data processing task . available processing resources to identify the resources 

7 . The method of claim 1 , comprising : 65 to be consumed by the previously scheduled data 
populating one or more data structures representing processing task as unavailable ; selecting the job of the 

completion time objectives and constraints based on the set of jobs having unscheduled tasks and having the 
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longest job completion time based on the shortest task wherein selecting the job having the longest optimal 
completion time for the data processing tasks included completion time includes solving a linear programming 
in the selected job ; selecting , from the unscheduled problem defined by the matrices . 
tasks for the selected job , the data processing task 20 . The system of claim 12 , wherein obtaining the set of 
having the longest task completion time based on 5 task identifiers comprises : 
shortest task completion times for the unscheduled data receiving job execution requests until a scheduling trigger 
processing tasks for the selected job ; and scheduling is detected ; and 
the selected data processing task at the data processing upon detection of the scheduling trigger , identifying the 

set of data processing tasks to be scheduled from the location corresponding to the selected data processing 10 task ' s shortest completion time . job execution requests . 
21 . The system of claim 20 , wherein the scheduling 15 . The system of claim 12 , wherein the at least one trigger is detected when a defined time period has elapsed , processor is configured for : or when a number of received jobs execution requests meets for each data processing task identified in the set of task a defined threshold . identifiers , 15 22 . The system of claim 12 , wherein the data processing determining input data transfer times to transfer input tasks identified in the set of task identifiers can be executed 

data for the data processing task to each of the in parallel . 
plurality of data processing locations having avail - 23 . The system of claim 12 , wherein selecting the job 
able processing resources ; and having the longest job completion time is based on the 

for each of the plurality of data processing locations 20 shortest task completion times at data processing locations 
having available processing resources , determining a having available resources ; and 
completion time for the data processing task based wherein selecting the data processing task having the 
on the corresponding input data transfer time . longest task completion time is based on the shortest 

16 . The system of claim 15 , wherein determining the input task completion times for the unscheduled data pro 
data transfer times for a single data processing task identi - 25 cessing tasks for the selected job at data processing 
fied in the set of task identifiers comprises : locations having available resources . 

identifying a size and location of each input data for the 24 . A non - transitory , computer - readable medium or media 
single data processing task ; having stored thereon computer - readable instructions which 

determining a communication bandwidth between each when executed by at least one processor configure the at 
input data location and each of the data processing 50 30 least one processor for : 
locations ; and obtaining a set of task identifiers , each task identifier 

for each of the data processing locations : identifying a corresponding data processing task 
included in one of a plurality of jobs to be scheduled for determining the transfer time for each of the input data execution at one of a plurality of data processing to the data processing location based on the size of 35 locations ; the input data and the communication input data from the jobs having unscheduled data processing tasks , 

location and the data processing location ; and selecting a job having a longest job completion time 
selecting , from the transfer times for each of the input based on a shortest task completion time for the data 

data to the data processing location , a largest transfer processing tasks included in the selected job ; 
time as the input data transfer time for the single data 40 selecting , from unscheduled data processing tasks for the 
processing task at the data processing location . selected job , a data processing task having a longest 

17 . The system of claim 12 , wherein the at least one task completion time based on shortest task completion 
processor is configured for : times for the unscheduled data processing tasks for the 

for each of the data processing tasks identified in the set selected job ; and 
of task identifiers , 45 scheduling the selected data processing task for execution 
determining an execution time for the data processing at the data processing location of the plurality of data 

task ; and processing locations corresponding to the selected data 
for each of the plurality of data processing locations processing task ' s shortest completion time and having 
having available processing resources , determining available processing resources . 
the completion time for the data processing task at 50 25 . The medium or media of claim 24 , wherein the 
the data processing location based on a correspond - computer - readable instructions configure the at least one 
ing input data transfer time and the corresponding processor for : adjusting the completion times of all other 
execution time . unscheduled data processing tasks included in the selected 

18 . The system of claim 17 , wherein identifying the job to have a completion time equal to the maximum of : the 
execution time for the data processing task comprises : 55 optimal completion time of the selected data processing 

identifying a type of the data processing task ; task , and the completion time of the respective unscheduled 
based on a database of execution data for types of data data processing task . 

processing tasks , determining the execution time for 26 . The medium or media of claim 24 , wherein the 
the data processing task based on the identified type , computer - readable instructions configure the at least one 
and a size of the input data for the data processing task . 60 processor for : 

19 . The system of claim 12 , wherein the at least one until each data processing task identified in the set of task 
processor is configured for : identifiers has been scheduled , repeating : updating the 

populating one or more data structures representing available processing resources to identify the resources 
completion time objectives and constraints based on the to be consumed by the previously scheduled data 
completion times for each of the data processing tasks , 65 processing task as unavailable ; selecting the job of the 
data processing location assignments parameters , and set of jobs having unscheduled tasks and having the 
the available resources ; longest job completion time based on the shortest task 
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completion time for the data processing tasks included 
in the selected job ; selecting , from the unscheduled 
tasks for the selected job , the data processing task 
having the longest task completion time based on 
shortest task completion times for the unscheduled data 5 
processing tasks for the selected job ; and scheduling 
the selected data processing task at the data processing 
location corresponding to the selected data processing 
task ' s shortest completion time . 

27 . The medium or media of claim 24 , wherein the 10 
computer - readable instructions configure the at least one 
processor for : 

for each data processing task identified in the set of task 
identifiers , 
determining input data transfer times to transfer input 15 

data for the data processing task to each of the 
plurality of data processing locations having avail 
able processing resources ; and 

for each of the plurality of data processing locations 
having available processing resources , determining a 20 
completion time for the data processing task based 
on the corresponding input data transfer time . 

* * * * * 


